INTRODUCTION
X-ray backscatter tomography (XBT) is a relatively new radiographic NDE technology that is unique among x-ray methods by requiring access to only one side of an object. The object is interrogated by a collimated x-ray beam and collimated detectors to measure the Compton scatter signal produced by each volume element. The acquired signal can be directly imaged to represent the density of the material as a function of position. We have investigated several XBT applications that exploit this one-sided capability. One such application is the inspection of large composite naval sonar domes. The current method, radiography, requires not only costly drydocking but also dome removal from the ship. Previously, we have reported on our feasibility study and our development of a prototype dome inspection system leading to the successful demonstration of in-situ dome inspection in drydock [1, 2] . Since then, we have developed and demonstrated an underwater system. The benefits of x-ray tomography can now be realized in the underwater environment.
THEORY
The XBT process is based upon the Compton scattering interaction between incident x-ray photons and a material's free electrons. The interaction results in a change in the photon's direction and energy. The photon paths from the source to a detector can be divided into three stages which determine their contribution to the measured.signal. The first stage is the photons' travel from the source to the scattering point. In a homogeneous material, x-rays are attenuated according to the Beer-Bougher law:
(1) where 1\ and 10 are the transmitted and incident flux, respectively, ~(E) is the linear attenuation coefficient of the material for photons of energy E, and x is the material thickness. The second stage of signal development is the scattering toward the detector, a function of energy, scatter angle, and electron density. The third stage is the transport of the scattered photons back through the material towards the detector. Here the signal is further attenuated, as in (1) . It can be shown, by algebraic manipulation of equations for the three stages [3] , that the signal intensity corresponding to a point Pis (2) where: k is a system parameter encompassing all parameters constant in a given inspection set-up; pep) is the physical density at point P; x and x' are the path lengths of the primary and scattered rays. According to (2) we can expect an unambiguous interpretation of the signal as a function of the material density. This is in fact our experience with homogeneous materials.
Non-homogeneous materials (or those with non-planar surfaces) such as our sonar domes, present a different problem. In these cases ~ is a function of position, which requires that the attenuation terms be integrated over the path lengths involved. Equation (2) becomes
Object features outside the voxel at P are thus represented in the measurement I(P), causIng superposition artifacts in the resulting imagery which are subject to interpretation. In this analysis, we assume a monoenergetic x-ray source and thus ignore beam-hardening, the effect of preferential absorption of low energy photons. Use of a polyenergetic source results in additional superposition effects.
Attenuation effects limit the inspection depth in dense or highly structured objects. In low density, thin, homogeneous, or layered materials, however, the effect is minimal. When a priori information about the material is available as an aid to interpretation, or when the superposition artifacts do not interfere with the flaw image, even structured materials can benefit from XBT.
BACKSCATTER IMAGING SYSTEM
Backscatter imaging systems are possible because the number of x-ray photons scattered from a volume element (voxel) within an object is a function of the voxel's density. Images, maps of density as a function of position, can be created from the measured backscatter signals using various scanning and detection geometries. After considering a number of designs, we chose to base our inspection system on a commercially available scanner, Philips ComScantffi. The use of this off-the-shelf system lowered our development costs and also provided several features appropriate to our application.
The Philips instrument contains two arrays of eleven slit collimated detectors located on either side of a beam aperture to provide 22 independent overlapping tomographs in one pass of the scanner. Figure 1 illustrates the concept, showing only one array of detectors. Detector apertures are changeable to vary the total scanning depth and resolution for different applications. The scanner head is traversed under program control to cover a region of interest (ROI) up to 50 mm x 100 mm in one pass. Scanning speed is programmable. The x-ray subsystem is operated at 160 kilovolts and 18.7 rnA.
In the digital images produced, each voxel is represented internally by 12 bits.
In order to develop a sonar dome inspection system suitable for use in the shipyard environment a number of improvements to the commercial system were necessary. An aluminum container was built for transportation and environmental control and to serve as a control room during inspection operations. We also modified the system to provide an improved data processing capability. Lastly, we developed an enclosure, umbilical, positioning system, and associated subsystems for underwater inspections. Figure 2 is a block diagram of the system's current configuration.
Indexing through a series of positions to cover the inspection area will be accomplished using a hydraulic positioning system. Condensation is prevented within the underwater enclosure by purging with dry nitrogen. A pneumatic diaphragm pump responds to water detectors in the unlikely event of a leak.
APPLICA nON
Keel mounted sonar domes on Navy surface combatants are made of a steel and rubber composite material similar to that of a tire. Plies of the reinforced rubber are built up in a mold and the entire structure is cured in an autoclave. Certain features of the layup design are believed to be responsible for ply failures in high stress areas on either side of 
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the forward end of the dome. Dome rupture is considered imminent when a longitudinal ply structure along the dome centerline called a keel band has failed. Failures occur within a few inches of the keel band's intersection with a bead band, running along the upper dome periphery. The area requiring inspection is limited to this high risk region. Radiography has proven to be effective in identifying the early stages of keel band failure. But the need to remove keel domes for radiographic inspection has severely hampered the Navy's ability to monitor their condition, leading to both the premature replacement of marginally damaged domes and the failure at sea of domes which were not inspected in time. The Naval Research Laboratory (NRL) is developing a dome inspection system based on XBT which promises to make SRD inspection possible during pierside availabilities.
We previously reported our results using the system to inspect domes mounted on three ships in drydock. Two of these domes were subsequently removed and radiographed. All three were found to be irreparably damaged and were replaced. We concluded that XBT is an effective method for in-situ detection of keel band damage. Figure 3 shows the XBT system configuration as used in drydock.
Our approach to develop the needed underwater capability is straight-forward. We have installed the x-ray scanner in an underwater enclosure with a thin radio-transparent window. During a dome inspection, the window will be placed in contact with the dome surface and the scanner will traverse along the window surface inside the enclosure. An umbilical to the surface contains all the various service lines to support the scanner. The field trial described below was conducted to test and demonstrate the operation of this system. The underwater demonstration consisted of transporting, setting up, and operating the XBT system on a pier at the Naval Air Warfare Center's Solomons Annex near Solomons Maryland. The enclosure was placed in the water and a calibration, or "shading correction," scan was obtained, using the water as an attenuation standard. The enclosure was then removed from the water and a test specimen attached to the window, as shown in Figure 4 , to simulate a dome inspection. The specimen, cut from the removed USS Clark dome, contained a known damage site. After returning the scanner to the water and lowering it to a depth of fifteen feet, as shown in the photo sequence of Figure 5 , an XBT scan was conducted. After clearing the shading correction information, an additional scan provided uncorrected data for comparison. All data were transferred from the CornS can system to Bernoulli 90 MB cartridges for subsequent processing at NRL. Upon completion of scanning operations, the scanner was returned to the pier and secured.
RESULTS
The important result is that the known damage site location in the specimen was detected, as shown in Figure 6 . This is especially encouraging when we consider that during pierside inspection we will have the further advantage of being able to pressurize the dome. Pressurization was seen during the drydock trials to further separate the broken steel cord ends, making them much more easily detected. However, it is clear that several image degrading compromises seen as necessary for the underwater implementation have combined to result in relatively poor XBT images.
While the interposition of the fiberglass window and the presence of water at the window/dome interface contribute to the image degradation, the primary culprit is the use of apertures providing a greater focal depth (20 mm of data to a depth of 30 mm) at the cost of a loss of resolution in the direction normal to the dome surface. These apertures were originally obtained in anticipation of a need for greater depth penetration than the standard 10 mm apertures. Indeed, given the thickness of the current x-ray window, 10 mm is not deep enough to detect the scatter from the second longitudinal ply.
We found it useful to compare various images of the region of interest (ROI) containing the #1 keel band of the test SRD specimen. We used a subjective but practical evaluation in terms of visibility of the known damage. The damage is in the form ofa sequence of broken cords. The steel cords, being good x-ray scatterers, are represented on the images as bright linear features. Damage appears as a series of dark interruptions to the cord images. All the images compared were obtained using the underwater scanner enclosure with its composite x-ray window in place. Images acquired underwater but without benefit of shading correction provided only a weak indication of the damage. An evaluation based only on these images would be very uncertain. Images acquired in the laboratory with the same setup used underwater, but without shading correction, show a stronger indication of the damage. This difference can be attributed to the effects of water between the dome surface and the scanner.
CONCLUSION
We have shown that x-ray backscatter tomography can be carried out in an underwater environment. Using a damaged keel dome specimen, we have demonstrated results similar to those obtained in drydock inspections. We also observed image degradation associated with the underwater inspection. This should be overcome by dome pressurization to further separate the broken cord ends and by optimization of the x-ray window and aperture geometry. Additional trials are planned, using the complete system to inspect a full-sized dome.
